Introduction
Mesodermal progenitor's known as hemangioblasts give rise to the blood islands of the yolk sac 1 . Blood islands consist of elongated peripheral endothelial precursor cells called angioblasts that surround more centrally localised hematopoietic progenitors or hemoblasts 1 . The coalescence of these blood islands to form primitive vascular channels is termed vasculogenesis 1 .
Concomitant with this initial plexus formation, the vascular endothelium proliferates and sprouts to give rise to new vessels in a process termed angiogenesis 1 . These processes are repeated in the embryo proper. The immature vessels undergo further remodelling and maturational events that include the recruitment of smooth muscle cells and the development of supporting basement membranes [2] [3] [4] . VEGF-A signalling has been implicated in virtually all aspects of cardiovascular system formation including heart development, hematopoiesis, vasculogenesis, angiogenesis, and endothelial survival 5, 6 . VEGF-A binds to two receptors; Flk1 (KDR or VEGFR-2) and Flt1 (VEGFR-1) that are members of a family of receptor tyrosine kinases that also includes the PDGF and M-CSF receptors 7 . Studies aimed at finding signaling molecules that act downstream of Flk1 have identified several SH2 domain containing proteins that either interact directly with this receptor and/or become tyrosine phosphorylated upon VEGF-A stimulation. These putative substrates and downstream affecter molecules include: the adapter protein Nck, direct p21Ras modulator proteins (Shc,Grb2, and p120GAP), PLC , members of the Src family of cytoplasmic tyrosine kinases, only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From focal adhesion kinase (FAK), and the tyrosine phosphatases SHP1 and SHP2 [8] [9] [10] [11] [12] . As a result of these interactions, MAP-kinase and PI3-kinase-Akt pathways become activated, and are thought to be involved in regulating endothelial proliferation/differentiation, survival and cell motility [7] [8] [9] [10] 13 .
The essential nature of VEGF-A and its receptors in cardiovascular development has been demonstrated by gene targeting studies in the mouse.
Targeted deletion of a single VEGF-A allele resulted in haplo-insufficiency and embryonic lethality due to abnormal blood vessel development around E9-9.5 14, 15 . Flk1 receptor null embryos died at E8.5 as a result of a failure of mesodermal precursor cells to differentiate into functional vascular endothelial cells, endocardium and hematopoietic cells 16 .
To further understand the role of Flk1 in vasculogenesis and hematopoiesis, the developmental potential of Flk1 null ES cells was studied in an ES cell-chimera approach 17 . These chimeras showed that Flk1 signalling was essential for the migration of mesodermal progenitor cells from the primitive streak region to the yolk sac, where they form the blood islands 17 . This in vivo work has been substantiated by in vitro differentiation studies showing that Flk1
null ES cells could differentiate into hematopoietic and endothelial cells in vitro,
although at a reduced frequency 18, 19 . Hematopoietic/endothelial progenitors therefore require Flk1 signalling for their subsequent migration and expansion and not for their initial development/differentiation. Aberrant VEGF-A/Flk1 signalling has also been implicated in pathological conditions including; proliferative retinopathies, tumorigenesis, rheumatoid only.
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A mouse model for hemangioma formation that relied on transgenic expression of an activated form of Fps/Fes cytoplasmic tyrosine kinase (hereafter referred to as Fps) was previously reported 25 . Activation of the Fps kinase was achieved by incorporating coding sequences for a Src-like amino-terminal myristoylation consensus sequence into the human fps transgene (fps MF ). The resulting tissue-specific expression of myristoylated Fps (MFps) caused widespread hypervascularity, progressing to multifocal hemangiomas 25 . The fps proto-oncogene encodes a 92-kDa cytoplasmic protein tyrosine kinase that belongs to a unique tyrosine kinase subfamily composed of itself and Fer kinase (for reviews see 26, 27 ). The human Fps protein tyrosine kinase is 822 amino acids in length and consists of a unique amino-terminal half, followed by a Srchomology 2 (SH2) and carboxyl-terminal kinase domain 26, 27 . Fps is expressed at high levels in cells of the myeloid lineages, and has been implicated in signalling pathways downstream from several members of the cytokine receptor superfamily [28] [29] [30] [31] [32] . Fps has also been implicated in the regulation of survival and differentiation of granulomonocytic progentior cells 33, 34 . Fps is also expressed at high levels in vascular endothelial cells 25, 35, 36 where it might regulate FGF-2 induced chemotaxis of murine brain capillary endothelial cells 37 and Angiopoietin-2 induced endothelial migration and tube formation 38 .
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The expression of fps in angioblast progenitors 35 and its ability to selectively transform the vascular endothelium 25, 36 , has prompted us to investigate whether this kinase may also play a role in VEGF-A/Flk1 signalling. 
Methods and Materials
Immunofluorescence, anti-phosphotyrosine blots and western analysis
The eEND.2 39 and c166 endothelial cells 36 were maintained as previously described 36, 40 . c166 cells were derived from yolk sacs of fps MF transgenic mice and they overexpress the myristoylated Fps protein (MFps) 25, 36 . Prior to immunofluorescence and western analysis the eEND.2 cells were starved in DMEM with 0.5% FCS for 48 hours, followed by a 5 minute stimulation with 10ng/ml recombinant VEGF-A at 37°C (R&D, Austria). Immunofluorescence analysis of cells was performed as previously described 35 using the Fps QE primary rabbit polyclonal antibody 51 and a cy3-conjugated anti-rabbit secondary antibody (Becton Dickinson Immunocytochemistry Systems). Western analysis and anti-phosphotyrosine blots were performed as described previously 9,35 using the PY20 antiphosphotyrosine antibody (Transduction Laboratories, Lexington, USA). Protein concentrations from ES cell lysates were determined using the only.
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ES cell culture and generation of MFps expressing ES clones
The Flk1-lacZ 16 ES cells were maintained as previously described 41 . The
Flk1-GFP targeted R1 cells were generated using an essentially identical targeting strategy as was performed previously to knock lacZ in-frame into the start codon of exon 1 in the Flk1 genomic locus 16 . The PCAGI-puro chicken ß-actin promoter based construct used to over-express MFps was provided by Dr.
Austin Smith (Edinburgh, Scotland Blast colony assays were performed as previously described 42 . Briefly, day 2.75 embryoid bodies were trypsinized in prewarmed 0.25% trypsin and 1.1 mM EDTA for 3 minutes and passed four times through a 20G needle to make a single cell suspension. Four thousand cells were replated in methylcellulose (55%) medium containing preselected 10% FBS, ascorbic acid (0.25%), Lglutamine (2mM), transferrin (1%), MTG, D4T conditioned media (15%), VEGF-A (5ng/ml), and KL (1%). Blast colonies were counted after four days. Two separate ES cell clones per genotype were plated in triplicate wells. The average of two separate set of triplicate experiments is presented.
Flow cytometry analysis
Single cell suspensions were generated by dissociation of E11. 5 
Flk1
GFP/GFP derived chimeras were generated by ES cell aggregation with diploid host embryos as previously described 43 . Chimeras were either dissected at E11.5-12.5 or were allowed to develop to term. Completely ES cell-derived embryos were generated by aggregation of ES cell lines with tetraploid embryos as described 41 , and dissected at E7.0-7.5.
Histology, X-gal staining, and GFP visualization
Flk1 lacZ ES cell derived chimeric embryos and yolk sacs were dissected in ice cold PBS and stained with X-gal as previously described 16 . Hemangioma samples and X-gal stained embryos were fixed overnight at 4 °C in 4% PFA.
Samples for histological analysis were dehydrated through a graded alcohol series and embedded in paraffin wax as previously described 44 . 7 um sections were deparaffinized and either stained with Harris' Haematoxylin and/or Eosin.
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As a positive control for these stimulation studies the c166 murine endothelial cell line was used 25, 36 . This cell line was previously derived from the yolk sacs of fps MF transgenic mice 25, 36 . The Src-like myristoylation sequence directs co-translational fatty modification of the MFps protein, which targets it to membrane enriched cellular compartments and increases its kinase activity, apparently as a result of its constitutive plasma membrane localisation 25, 50 . Based on these observations, we hypothesised that Fps might be a downstream mediator of Flk1 signalling which is normally recruited and activated by the VEGF-A engaged receptor. The apparent constitutive plasma membrane localization of MFps suggested that activation of MFps might be VEGF-A independent, and that it might therefore be able to rescue certain hematopoietic and/or endothelial differentiation defects in a Flk1 null genetic background. In vivo genetic complementation experiments were therefore performed to obtain further support for our hypothesis that Fps is a downstream modulator of VEGF-A/Flk1 signalling.
Activated Fps restored migration and sprouting response to Flk1 null progenitors in vitro.
A panel of MFps expressing R1 ES cell clones were generated which were either heterozygous or homozygous null for Flk1. The Flk1 null allele was only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From obtained by the in-frame targeting of lacZ 16 Similarly, Flk1 GFP/+ (Fig.2 E) , Flk1 GFP/GFP (Fig.2 H) , and MFps expressing; For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From few X-gal positive cells localised to limited areas with no signs of migratory activity after 8 days of differentiation (Fig.2 F, G) . Similarly, GFP-positive cells derived from Flk1 GFP/GFP ES cells showed no sprouting activity or channel formation (arrowheads in Fig.2 H) . MFps expressing; Flk1 lacZ/lacZ EBs showed a higher density of X-gal stained cells than the Flk1 lacZ/lacZ EBs (asterix in Fig. 2 I and data not shown). In addition, the MFps expressing; Flk1 GFP/GFP EBs formed some channel-like structures whereas Flk1 GFP/GFP EBs did not (Fig. 2K) , however the number of sprouts and extent of branching was not as great as that observed in the Flk1 GFP/+ EB derived controls (Fig. 2E ). In addition, morphologically aberrant sprouting structures were also evident in the MFps expressing; (Fig.2 M) .
Activated Fps partially rescues Flk1 deficiency in vivo.
To determine if MFps demonstrated similar rescue potential in vivo, the (Fig. 3 G, H) . These experiments suggested a powerful biological effect of the MFps protein upon only.
For (Fig. 3 I-N) . Figure   1 ). These abnormalities are reminiscent of the developmental defects previously documented in transgenic mice expressing the viral Gag-Fps protein 51, 52 .
In embryos that demonstrated a lower degree of MFps expressing; Flk1 lacZ/lacZ chimerism, X-gal stained, Flk1-null endothelial cells were found in vascular channels in the embryo proper (Fig.3 I) and in the yolk sac vasculature (Fig.3 J,K) . Closer morphological and histological analysis revealed that these aberrant vascular structures were hemangiomas consisting of blood-filled lesions lined by X-gal stained endothelial cells derived from MFps expressing; Flk1 lacZ/lacZ cells (arrow heads in Fig. 3 M,N) . Certain chimeric embryos also showed increased amounts of X-gal staining cells localized at specific intra-embryonic hematopoietic sites (Supplementary Figure I) , as compared to chimeras generated with Flk1 lacZ/lacZ cells (Fig. 3 B) . Representative chimeric embryo only.
For 
MFps increased hemangioblast migration and differentiation

ES cells aggregated with tetraploid embryos give rise to a completely ES
cell-derived embryo proper 41 (hereafter, these embryos are denoted as only.
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Tetraploid Flk1
lacZ/+ ES cell derived embryos showed normal X-gal staining in mesodermal progenitors in an E7.5 embryo (Fig. 5A ) 17 .
Flk1
lacZ/lacZ cells had been previously shown to possess a limited migratory potential in vivo and were limited to the primitive streak region of diploid chimeric embryos 17 . This limited migration of X-gal stained hemangioblasts was also seen in tetraploid The ability of MFps to increase hemangioblast numbers was also assessed using an in vitro hemangioblast colony assay ( Fig. 5 G and H (Fig. 5 G) . This observation was consistent with the highest density of X-gal stained mesodermal progenitors observed in tetraploid MFps expressing; Flk1 lacZ/+ ES cell derived embryos (Fig. 5 D) .
Discussion
In this study we have demonstrated that the endogenous cellular Fps For 68, 69 . As well, overexpression of a myristoylated PI 3 For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From this analysis using more mature granulocyte specific markers to address MFps' potential to rescue Flk1 hematopoietic deficiency in vivo.
Functional consequences of constitutive Flk1 signalling
Fong et al., have concluded that the endothelial alterations exhibited in embryos lacking the other principle VEGF-A receptor, Flt1, was due to increased numbers of endothelial progenitors that developed in the absence of Flt1 45, 71 . As a consequence of Flt1 deficiency, there may be more VEGF-A available to bind only.
